Abstract The efficiency to remove polycyclic aromatic hydrocarbons (PAHs) was determined using a hemoglobincatalyzed biocatalytic reaction. The present study employed pyrene as a model of PAHs to study its oxidative removal in the presence of H 2 O 2 and hemoglobin in mass ratio of 3:1. The extent of pyrene removal reached up to 91.1% in the presence of H 2 O 2 and hemoglobin. However, the extent of pyrene removal was 21.3% in the presence of H 2 O 2 only. The results indicate that pyrene removal might be due to pyrene oxidation by the biocatalytic reaction. Overall, this study demonstrated that hemoglobin-catalyzed biocatalytic reactions could remediate pyrene effectively.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are by-products of the gas manufacturing process and generated during various incomplete combustion processes. High-molecular weight PAHs with four or more benzene rings are considered to be toxic, mutagenic, and carcinogenic compounds, posing risks to human health [1, 2] . Pyrene is one of the PAHs that are composed of fused benzene rings. It has been shown that pyrene is involved in bacterial cometabolism of the potent carcinogen, benzo(a)pyrene (BaP) [3] . However, the microbial degradation of pyrene, other PAHs, and various organic pollutants are often limited by their high concentrations that cause the suppressive effect toward bacterial population [4] [5] [6] [7] . Thus, PAHs are considered ubiquitous in the environment because they are recalcitrant to be degraded, making PAHs commonly detected in the air, soil, and water [8] .
PAHs can be removed from the environment by biodegradation, photolysis degradation, and chemical degradation [9, 10] . Biodegradation of PAHs is one of the most frequently studied reactions [9, 11] . PAHs degradation firstly focused on aerobic degradation, and more recently, anaerobic degradation of PAH has been demonstrated. Photolysis degradation of PHAs is feasible in air and liquid but limited in soil due to the absorption of PAH to soil particle [1, 11] . Chemical degradation is initiated by an oxidation reaction involving generation of peroxides (H 2 O 2 ), hydroxyl radicals, and other oxidative agents [12] . Among biological methods studied to degrade PAHs are biotechnology using white-rot fungus. White-rot fungus can produce various lignin-degrading enzymes, such as lignin peroxidase, manganese peroxidase, and laccase, by which lignin and various other organic pollutants can be simultaneously degraded. However, even with white-rot fungus biotechnology, PAHs removal is quite slow to take a month or more in the laboratory. In addition, the PAH concentration employed was quite low (i.e., 1 ppm) [11] . This fact necessitates some other technologies to degrade PAH compounds efficiently.
Hemoglobin-based biocatalytic system was employed to degrade pentachlorophenol and PAHs, where they proved that hemoglobin could degrade such organopollutants in the presence of hydrogen peroxide [13] [14] [15] . Although it is known that hemoglobin in red blood cells is responsible to carry oxygen, those studies mentioned above have shown that hemoglobin itself behaves as a catalyst for the oxidation of organopollutants. It was suggested that the hemoglobin-catalysis mechanism is very similar to the catalytic mechanism of lignin peroxidase [14, 15] . Our previous studies have shown that hemoglobin-catalyzed biocatalytic systems could be employed for the remediation of PAHs, pentachlorophenol, and total petroleum hydrocarbons-contaminated soil [13] [14] [15] [16] . Based on our previous studies mentioned above, we propose that hemoglobin-catalyzed biocatalytic reaction is an effective system to remove or remediate pyrene. Therefore, the objective of our study was to determine the efficiency of hemoglobin-catalyzed biocatalytic systems to remove pyrene.
Materials and methods

Chemicals
Pyrene standard solution (500 mg L -1 ) was obtained from Accustandard (New Haven, CT, USA). Acetonitrile, n-hexane, bovine hemoglobin, H 2 O 2 , and all other reagents employed in the experiment were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO, USA).
Remediation of pyrene using hemoglobin-catalyzed biocatalytic reaction
Pyrene standard sample (10 mg L -1 ) for analysis with high-performance liquid chromatography (HPLC) was prepared using pyrene standard solution (500 mg L -1 ) by dilution in acetonitrile. For reaction mixture, H 2 O 2 concentration was 0.03 g mL -1 and hemoglobin concentration 0.01 g mL -1 . Thus, mass ratio of H 2 O 2 and hemoglobin was 3:1 in an initial reaction mixture. Hemoglobin and/or H 2 O 2 were mixed with sodium phosphate buffer (50 mM, pH 7.0). Sodium phosphate buffers with hemoglobin or H 2 O 2 were employed to compare the extent of pyrene removal among three treatments as shown in Fig. 2 . The reaction mixture was kept at room temperature in 40-mL Pyrex screw cap tube with PTFE-lined cap. The reaction continued for 24 h, after which reaction mixtures were extracted with n-hexane for analysis as described below.
Analysis
The extracted samples were analyzed for pyrene concentration using the Younglin YL9100 series HPLC (Younglin, Anyang-si, Korea). The analytical column was a SunFire C18 (100 Å , 5.0 lm ø, 250 mm 9 4.6 mm; Waters, Milford, MA, USA). Temperature of the column was set at room temperature, and the injection volume was 20 lL. The UV detection wavelength was set at 254 nm. Acetonitrile-water (70/30, v/v) was used as the eluent. The column flow rate was set at 1.0 mL min -1 in isocratic condition.
Statistical analysis
All values obtained are expressed as the mean ± standard deviation. Statistical analysis was performed with Duncan's test [17] .
Results and discussion
The standard curve for pyrene was obtained within range from 1.0 to 20 mg L -1 of pyrene. A linear relationship was observed for all pyrene concentrations tested versus HPLC signal (mV sec) with a correlation coefficient (R 2 ) of 0.9988. The lower detection limit for pyrene was estimated to be 0.0054 mg L -1 . The recovery extent for control with only sodium phosphate buffer was 9.05 ± 0.27 mg L -1 , indicating that, for the control, about 90.5% of added pyrene was recovered through reaction and extraction processes. Recovery extents for treatments with either H 2 O 2 or hemoglobin were 7.87 ± 0.48 and 9.93 ± 0.12 mg L -1 , respectively (Fig. 1) . The recovery extent (9.93 ± 0.12 mg L -1 ) for treatment with hemoglobin was unexpected. This might be due to the possibility that hydrophobic pyrene might be easily absorbed onto hemoglobin that is partially hydrophobic, resulting in the increase in the extent of recovery. Thus, the recovery extent of about 99.3% suggests that recovery through reaction and extract processes is very efficient. On the other hand, the recover extent (7.87 ± 0.48 mg L -1 ) for treatment with only H 2 O 2 indicates approximately 21.3% of pyrene oxidation compared to the initially added concentration. This finding indicates that some extent of pyrene can be removed due to the oxidizing ability of H 2 O 2 . When compared to control with only sodium phosphate buffer, at least 13% of added pyrene was removed by H 2 O 2 oxidation during reaction time of 24 h (Fig. 1) . The recover extent for hemoglobin-catalyzed reaction was 0.89 ± 0.32 mg L -1 . This means that 91.1% of added pyrene was oxidatively removed in the presence of H 2 O 2 and hemoglobin. This degree of oxidative degradation clearly shows that the biocatalytic cycle operates for the oxidative removal of pyrene as suggested in our previous studies [13] [14] [15] [16] .
As next process, we have confirmed the biocatalytic removal of pyrene by comparing the chromatogram obtained after 24 h in the presence of H 2 O 2 and hemoglobin with that of control with pyrene only. Figure 2 clearly shows that, after the biocatalytic reaction, only a fraction of pyrene exists as observed with peaks ranging from 27 to 28 min. However, although no peak was observed with the control, some peaks were observed with hemoglobin-catalyzed reaction at retention times of 2-12 min. We believe that those peaks are for hydrophilic degradation intermediates of pyrene, possibly resembling hydrophilic intermediates suggested by Aitken et al. [4] . The hydrophilicity of those intermediate is supported by Fig. 1 the fact that the degree of hydrophilicity decreases with increasing retention time in a reverse phase chromatograph column.
The results clearly suggest that hemoglobin-catalyzed biocatalytic reaction could be very efficient reaction system for the removal of PAHs such as pyrene. We have conducted a series of experiment to prove that the disappearance of PAHs or other organic compounds in soil is not by H 2 O 2 and/or Fe 2? as in Fenton reaction but by oxidative catalysis in the hemoglobin-catalyzed reaction [9, [13] [14] [15] [16] . In the present study, we have conducted the experiment in aqueous solution because it is difficult to show the oxidative degradation of pyrene in soil where a hydrophobic compound pyrene is easily absorbed onto surface of particles having a high degree of specific surface area. In conclusion, the results described above have shown that pyrene is oxidatively removed by hemoglobin-catalyzed reaction in the presence of H 2 O 2 . In addition, a few hydrophilic degradation intermediates were formed during hemoglobin-catalyzed reaction.
